Abstract Influence of oxygen concentration in the measurement atmosphere on detection of hydrogen using Kelvin probe was studied. The studied material was a 100-μm-thick palladium foil, which was mounted in a 3D printed electrochemical flow cell. The used setup enables hydrogen loading with in-situ contact potential measurement of the hydrogen exit side of the Pd electrode. The hydrogen loading and unloading procedure, including insertion of different amounts of hydrogen into the Pd membrane and recording resulting values of contact potential difference, was performed at distinct oxygen concentrations ranging between 1 and 80 vol%. An increasing amount of oxygen in the atmosphere surrounding the hydrogen-loaded Pd electrode resulted in an accelerated removal of hydrogen from the Pd. The kinetics of this reaction was studied based on Kelvin probe measurements, and a reaction mechanism is discussed.
Introduction
Palladium is playing an essential role in hydrogen economy [1] , which is due to the unprecedented properties of Pd. Compared to other metals, it can easily absorb a large amount of hydrogen at standard conditions [2] . Hydrogen uptake into Pd is proceeding in a two-step mechanism with dissociation and adsorption of the hydrogen molecule on the metal surface as first step [3] [4] [5] . Hydrogen insertion can be also achieved electrochemically from aqueous electrolyte by application of a suitably cathodic potential as shown for Pd theoretically [6, 7] and practically in alkaline [8] [9] [10] [11] [12] [13] and acidic electrolyte [14, 15] . The simplicity of hydrogen uptake makes Pd a promising candidate for hydrogen storage [16] [17] [18] [19] , for example as catalyst for hydrogen uptake and removal in other hydride forming metals [20] . Its properties enable also application as membrane for hydrogen purification [21] [22] [23] . Regarding the hydride formation of Pd, it is important to consider the Pd-Hphase diagram [24] , which indicates the occurrence of two phases [25] [26] [27] : α-PdH x,α (x α,max = 0.015) and β-PdH x,β (x β,min = 0.607) are separated by a miscibility gap, characterized by the coexistence of both phases. Formation of the β-phase leads to change in several material properties such as decrease in electrical conductivity [28] and volume expansion of the Pd metal lattice [29] . On the one hand, this change in properties is the basis for hydrogen sensing [30] [31] [32] , but on the other hand, it leads to drawbacks like hydrogen embrittlement [16, [33] [34] [35] . Based on the work of the Rohwerder group [36] [37] [38] [39] , Pd was introduced for sensing hydrogen in metals with Kelvin probe (KP) technique. Detection of hydrogen for example in steel has great importance for corrosion studies focusing hydrogen embrittlement-related damages [40] [41] [42] [43] . The Kelvin probe method is capable of performing nondestructive surface characterization by means of contact potential difference (CPD) or Volta potential measurement.
Therefore, KP studies are covering many research fields from the investigation of corrosion processes [44] [45] [46] [47] [48] [49] , visualization of hydrogen distribution in steel [37] [38] [39] [50] [51] [52] [53] [54] to reaction kinetics studies [55, 56] .
The aim of this work is the investigation of Kelvin probe-based semi-quantitative detection of hydrogen in Pd and the influence of measurement conditions on the experiment. Part 1 of the present work [57] focuses on the influence of relative humidity on the hydrogen detection with KP and explains the fundamental aspects of hydrogen dependence of CPD. Building on these results, the influence of oxygen concentration in the measurement atmosphere is studied. By stepwise alternation of the oxygen concentration, the reaction kinetics of hydrogen removal from Pd involving oxygen as direct reaction partner in a water-forming reaction can be studied, which is of great importance for the evaluation of catalytic effects on reactions occurring on the Pd surface [58] [59] [60] [61] [62] [63] . Additionally, application for hydrogen detection in other metal systems using Pd thin films is discussed.
Experimental
A 80 × 10 mm sized, 0.1-mm-thick palladium foil (Goodfellow, as rolled, 99.5%) was cleaned ultrasonically with acetone, ethanol and deionized water, before mounting into the experimental setup, described elsewhere [57] . Description of the 3D-printed cell used for in situ hydrogen loading of the Pd foil during Kelvin probe measurements can be found elsewhere [13] . Deaerated 0.1 M NaOH electrolyte solution was pumped with a constant flow rate of 75 ml min −1 through the flow cell.
All KP measurements were performed with an in-house modified system with essential parts from Wicinski & Wicinski GbR, utilizing a 300-μm-thick Cr-Ni tip, probing the surface in a distance of 110 μm. The KP sample chamber atmosphere was varied in terms of oxygen content, whereas relative humidity was kept constant at a low level (4% rH) at a temperature of 22.3°C. In order to enable comparison to electrochemical potentials, the system was calibrated before measurement by probing an electrochemical system with known potential, which was in this case the liquid surface of a saturated CuSO 4 solution provided in a Cu crucible [44] .
Electrochemical hydrogen loading was performed with a three-electrode arrangement including a Hg/ HgO/0.1 M NaOH micro-reference electrode and a gold counter electrode. For studying dependency of the KP signal on hydrogen concentration, increasing amounts of hydrogen were loaded into the Pd by applying potentiostatic pulses at − 0.7 V versus standard hydrogen electrode (SHE) with durations of 5, 15, 30, 50, 75, 
Results and discussion
Hydrogen measurement and oxygen influence
In similar manner as potential stability was shown for Pd during variation of relative humidity [57] , stability has to be proven for increase of oxygen concentration in the measuring atmosphere. Independence of CPD from measurement conditions ensures reliable hydrogen quantification, as deviations in CPD are, as a consequence, exclusively based on changes in the hydrogen concentration within the investigated material. Due to the noble character of Pd, the influence of Pd oxidation processes occurring on the surface, especially at higher oxygen concentrations, can be neglected. The variation of the oxygen concentration from almost 0 to 100 vol% O 2 leads to a slight increase of CPD from 0.470 to 0.497 V (SHE) as shown in Fig. 1 . The observed stepwise CPD increase cannot be correlated to steps in oxygen concentration transient. However, oxygen adsorption might take place during this experiment leading to a rise in CPD. In case that this adsorption process is slow, a similar increasing trend in CPD, as the one observed, is conceivable, as oxygen adsorption proceeds too slowly as to react to an increase in oxygen concentration immediately. Therefore, an oxygen adsorption process should not be completely neglected. At the highest adjusted oxygen concentration (96%), the detection limit of the utilized oxygen sensor is reached leading to a displayed value of 100%. In comparison to other metals or alloys like steel, Pd shows a very stable potential at various atmospheric conditions, concerning relative humidity [57] as well as oxygen concentration. Therefore, it is a well-suited material for hydrogen quantification as deviations in CPD are only due to changes in concentration of hydrogen absorbed in the metal lattice.
In case of less noble metals and alloys, CPD changes are extensively depending on the measurement conditions. A KP surface scan on a 5 × 5-mm-sized spot on ferritic steel was performed at distinct oxygen concentrations between 1 and 80 vol% to illustrate this aspect (Fig. 2) . A rise in CPD values can be observed for higher oxygen concentrations with largest and almost linear increase between 1 and 30 vol% O 2 . The increase of CPD measured on the steel surface can be due to oxidation processes according to the following equations:
The CPD dependence on the relative concentrations of Fe/ Fe 2+ and Fe
2+
/Fe 3+ redox couples can be described via Nernst eq. [37, [50] [51] [52] 65] . As cathodic reaction, the oxygen reduction could be identified [49, 48, 47] . During atmospheric corrosion of steel, the separation of cathodic and anodic regions on the sample surface can be detected with KP as regions with lower and higher CPD values respectively [66] . These regions could be also observed for the ferritic steel sample in this study but, due to the measurement conditions, only to a very low extent.
The variation of the potential due to atmospheric changes is in the range of 60-70 mV for steel compared to approximately 30 mV for Pd. Combined with the low probability of Pd to be oxidized at room temperature even at elevated oxygen content of the sample environment [67, 68] , the advantages of using Pd for hydrogen detection are underlined.
For observation of CPD changes due to different amounts of hydrogen electrochemically inserted into the sample, the Pd foil was hydrogen charged at a potential of − 0.7 V (SHE) for impulses with increasing duration from 5 to 180 s. Each loading impulse is indicated by a sudden drop in CPD. The extent of this potential drop is dependent on the amount of hydrogen loaded into the sample. In between the loading pulses, hydrogen was allowed to effuse, which is indicated by a rise in potential towards the starting potential. This procedure was repeated for oxygen concentrations of 5, 10, 18, 30, 50 and 80 vol%, while the relative humidity was kept at a low level of 4%. CPD transients recorded during hydrogen loading/ unloading cycles at oxygen concentrations of 5, 10, 18, 30, 50 and 80 vol% are presented in Fig. 3a -f. The fluctuation of oxygen concentration was for each experiment below 5% of the adjusted value. Transients recorded at 1 vol.% O 2 for a freshly prepared Pd sample, which was not hydrogen charged before, as well as for hydrogen pre-charged Pd are not shown in this paper but are presented and discussed in Part I of the present work [57] .
Results for all measurement conditions are depicted in Fig. 4 with CPD minima observed due to hydrogen loading plotted versus logarithmic hydrogen concentration, which was calculated from integration of the current transients recorded during potentiostatic hydrogen loading (c H,coulometric ). It has to be emphasized that the calculated hydrogen concentrations inserted into the Pd membrane are approximated values as, amongst other aspects, the loss of hydrogen into the electrolyte was neglected but also the loss of hydrogen into the measurement atmosphere at the hydrogen detection side of the sample. This loss of hydrogen happens even before the amount of hydrogen, which is electrochemically loaded into the Pd membrane, can homogeneously spread over the entire thickness of the Pd sample. Therefore, a systematic deviation (towards lower hydrogen concentrations) of the approximated values from the real values can be assumed and has to be kept in mind. A precise determination of the hydrogen concentrations reached at the hydrogen exit side probed by the KP can only be obtained via numerical simulation, which is beyond the scope of this work. Therefore, the approximated concentration values are used, enabling evaluation of measurement condition influence on this semi-quantitative approach of hydrogen detection.
A linear regression of the data points was performed to obtain a linear function for each atmospheric condition. The resulting values for the slope (s) and axis intercept (A) as well as correlation coefficient, revealing the quality of the linear fit, are listed in Table 1 . As already thoroughly discussed earlier, the freshly prepared Pd specimen shows remarkable differences in behaviour compared to the measurement, which were performed consecutively on the same sample, which was therefore hydrogen pre-charged. Except for the curves measured at the lowest adjusted oxygen concentration of 1%, a general shift of absolute CPD values can be observed with curves shifted towards higher potentials at higher oxygen concentrations. Compared to the curves obtained at increasing relative humidity, the variation of oxygen concentration has a minor effect on the correlation coefficient, which is in each case well above 0.9, and therefore on the quality of the linear fit. Thus, hydrogen detection can be performed with consistent quality at any oxygen concentration in the measurement atmosphere.
Surprisingly, slopes of the linear fitting curves vary over a wide range, more precisely from − 0.074 to − 0.212 V per decade, except for the freshly prepared Pd (1), which exhibits a slope of − 0.365 V per decade. Considering the theoretically expected slope of − 0.059 V per decade, which is derived from Nernst equation [37] , the increase of oxygen concentration with simultaneously low levels of relative humidity leads to a greater deviation from the theoretical behaviour. Overview over the slopes during variation of relative humidity, presented in an earlier work [57] , and during variation of oxygen concentration is shown in Fig. 5 . With an average value of − 0.154 V per decade, slopes of linear fits obtained at higher oxygen concentrations are generally larger compared to those measured at increased levels of relative humidity, which are closer to a Nernstian behaviour. Low levels of humidity cause decrease of thickness of the surficial water layer. As proton concentration within this water layer should affect the electrode potential and therefore the measured CPD, volume changes of this layer are influencing the slope of the measurement curves. Deviations from Nernstian behaviour are reported in literature [36] and were due to the varying applicability of concentrations instead of activities of regarded oxidized and reduced species in the calculation of the electrode potential via Nernst equation. Regarding the deviation from the expected slope of − 0.059 V at oxygen concentrations above 1-5 vol% and simultaneously low levels of relative humidity, also an interaction of oxygen from the atmosphere and hydrogen on the Pd surface has to be considered. Further increase of the relative humidity above 5% has a minor influence on the slope, similarly as the increase of oxygen concentration above 5% cause negligible variation of the slope. Remarkably, the slope of the linear regression measured at 4% rH and 1 vol% oxygen concentration deviates strongly from all other curves. This issue has already been raised [57] and could be due to an irreversible change of the sample during the first hydrogen loading cycle. This aspect is especially important for use of Pd-based hydrogen detection on other metal samples, like steel. Those samples have to be coated with palladium in order to enable hydrogen quantification based on the hydrogen concentration-dependent potential of Pd. Pd coatings can be realized by various methods like electrodeposition or physical vapour deposition (PVD) [31] . The deposition method determines the subsequent calibration routine as deposition methods can be divided into methods, which are characterized by a co-deposition of hydrogen and fabrication routes that ensure a hydrogen-free film. Electrodeposition usually comprises the co-deposition of hydrogen into the deposited palladium layer [69] . Electroless deposition can be also accompanied by hydrogen formation [70] . In contrast to these two methods, which both include the (electro-) chemical reduction of Pd ions, thermal evaporation is solely based on physical processes. Hydrogen insertion during preparation of the Pd thin film can be therefore excluded by deposition via PVD methods. With regard to the previously discussed differences in the CPD dependence on hydrogen concentration observed for the fresh Pd and the re-used Pd membrane, thermally evaporated Pd films should exhibit a higher initial CPD than electrochemically deposited films, which incorporated hydrogen during fabrication. In order to investigate this aspect, CPD measurements were performed on two Pd films both with approximately 100 nm thickness, one obtained by electrodeposition and the other one by thermal evaporation. The resulting CPD measurements (not shown graphically) confirm this assumption: Line scans of 1 cm length over the surface of a thermally evaporated Pd thin film reveal an average CPD of 0.593 ± 0.004 V (SHE) compared to 0.553 ± 0.009 V (SHE) measured for an electrochemically deposited thin film. Both line scans were performed at 2% relative humidity and 1% oxygen concentration. 
Interaction of PdH x with atmospheric oxygen
In contrast to an elevated relative humidity, which is only affecting the thickness of the water layer on the sample surface, oxygen concentration increase means a rise in concentration of a potential reaction partner for absorbed and adsorbed hydrogen. Several studies have been published concerning the Pd-H interaction, also in presence of oxygen. Hydrogen absorption was shown to be an exothermic reaction, in contrast to desorption, which is generally an endothermic process [71] . KP measurements performed by Lundström et al. showed that during the desorption process of hydrogen from Pd, a quasiequilibrium between surface and subsurface hydrogen forms (Eq. (3)) [56] . It was experimentally proven for the waterforming reaction on Pd that both components react in the adsorbed state [58] [59] [60] [61] [62] .
The following reactions are supposed to occur on the Pd surface:
Concerning Eq. (5), the desorption of molecular oxygen from the Pd surface is unlikely to occur below 400°C, as reported based on thermal desorption spectroscopic results by Weissman-Wenocur et al. [62] . Oxygen, which is adsorbing on the Pd surface is therefore only consumed by a reaction with H ad forming OH ad and subsequently water (Eq. (6-7) ).
Besides the reactions mentioned above, an electrochemical pathway of water formation via the oxygen reduction reaction (ORR) is also possible. Nørskov et al. [72] discussed the associative as well as the dissociative mechanism for ORR on Pt and other metals. The overall ORR can be described as
The dissociative mechanism involves the dissociative adsorption of oxygen whereas the associative mechanism proceeds via adsorption of oxygen molecules forming peroxy intermediates. Whether the dissociative mechanism or the associative mechanism predominates is depending on the metal and other parameters such as the oxygen coverage [72] .
The reaction rate v of the hydrogen removal can be described in general form as follows:
with k as reaction rate constant and c as the concentration of the involved species with their rate coefficients (c and d) indicating the partial reaction orders.
For a given oxygen concentration in the atmosphere, the oxygen concentration can be assumed constant due to the fast diffusion. For this resulting constant oxygen concentration, the reaction order with respect to hydrogen can be described with the following equation:
Fig . 5 Influence of relative humidity blue circle [57] and oxygen concentration black square in the KP measurement chamber on the slopes of the calculated linear regression, representing correlation of CPD signal with the amount of hydrogen absorbed in Pd For the evaluation of the interaction of oxygen and absorbed/adsorbed H on the hydrogen-loaded Pd surface, hydrogen concentration transients were calculated based on the previously described linear regression results. One representative transient obtained by this method is presented in Fig. 6 , depicting the transient at 30 vol% O 2 during the consecutive hydrogen loading and unloading steps. Hydrogen concentration within the sample is increased during hydrogen-loading pulses and subsequently decreased due to hydrogen removal from the sample. The steepness of the concentration transient during this unloading step gives information about the effusion rate of hydrogen.
Depending on the kinetics of the involved reaction, leading to a hydrogen removal, as well as on the reaction parameters, e.g. oxygen partial pressure and concentration of H in the Pd sample, the rate-determining reaction of hydrogen removal might change. In order to gain insight into the reaction mechanism of the hydrogen removal reaction in the studied case, initial reaction rates were evaluated from c H,calc transients during hydrogen removal impulses. As oxygen concentration is thought to be influencing the hydrogen removal, the two extreme cases with highest (80 vol%) and lowest (1 vol%) oxygen concentration were studied in detail. Initial reaction rates of these two measurement series are plotted in a doublelogarithmic form versus maximum concentration of H calc , reached in the respective loading interval (Fig. 7) , for evaluation of the reaction order. Reaction rates of hydrogen removal are increasing with rising hydrogen concentration, as expected. Interestingly, the obtained data plots show two distinct regions: at higher hydrogen concentrations, the slope of the curves, obtained by linear regression, and therefore the apparent reaction rate tends to be lower and less influenced by the presence of oxygen compared to the region of lower hydrogen concentration. Reaction orders appear in a range between 1.59 and 0.4 and enable no clear determination of the real reaction mechanism. Nevertheless, these results suggest the overlapping of two different processes occurring simultaneously on the Pd surface.
For further evaluation of the reaction mechanism, a different approach is chosen. Based on the observation of two distinct regions in the calculation of initial reaction rates, hydrogen concentration transients measured for the first and the last hydrogen removal interval are analysed. The reciprocal representation of the hydrogen concentration versus time is resulting in a linear relation indicating a second-order reaction (Fig. 8a, b) .
This suggests that hydrogen removal is mainly based on hydrogen desorption, at least for the case of low oxygen concentrations, which is in turn resulting from the recombination of two hydrogen atoms adsorbed on the Pd surface. This observation is in good agreement with the literature [56, 63] . As mentioned before, the oxygen influence cannot be neglected as the oxygen concentration is obviously influencing the hydrogen removal rate. Higher reaction rates obtained for measurements at 80 vol% oxygen concentration clearly indicate an accelerated hydrogen removal and therefore a waterforming reaction mechanism. It was repeatedly reported that the formation of OH ad represents the rate-determining step in the water formation reaction [58] [59] [60] [61] [62] .
For the determination of the reaction order with respect to oxygen, initial hydrogen concentrations have to be kept constant. Comparing the measured hydrogen concentration transients in terms of similar maximum hydrogen concentrations achieved during loading intervals, a value for c H,calc of 0.115 μmol H per cm 3 was found with small deviation (± 0.02 μmol cm ) in each measurement series. Therefore, the initial reaction rates of this particular unloading interval were used for the determination of the partial reaction order with respect to oxygen concentration. The results are shown in Fig. 9 and present an increase of the hydrogen removal rate in dependence of the oxygen partial pressure in the KP chamber. Figure 9 reveals an apparent reaction order with respect to oxygen of 0.5. This suggests that in this particular case, a dissociative adsorption of oxygen represents the rate-determining step. After the adsorption of oxygen, the reaction with hydrogen proceeds via OH ad formation and finally formation of water. Slow kinetics of oxygen adsorption was also discussed above in the "Hydrogen measurement and oxygen influence" section for hydrogen-free Pd (Fig. 1) and could contribute to a dissociative adsorption being the rate-determining step. Similar results for reaction order with respect to oxygen were found for ORR on Pt theoretically by density functional theory (DFT) calculations for low oxygen coverages [72] and experimentally for polymer exchange membrane fuel cells (PEMFC) [73] [74] [75] .
From the kinetic investigations made in this work, it can be concluded that there are two reaction mechanisms that govern the hydrogen removal from the Pd membrane. At low oxygen concentrations (e.g. below 1 Vol.% O 2 ), the hydrogen removal is dominated by hydrogen recombination. By increasing the oxygen partial pressure in the chamber, the hydrogen removal is accelerated and the dominant reaction will be water formation.
Conclusions
The oxygen concentration is affecting the Kelvin probe determination of the contact potential difference (CPD) of metals not only in terms of oxidation of the metal surface, as it was shown for a steel surface but also with respect to interaction with hydrogen absorbed and adsorbed in the metal. A procedure enabling semi-quantitative detection of hydrogen in Pd was set up, and influence of oxygen concentration in the measurement atmosphere was studied. Linear regression of measured CPD minima during hydrogen loading versus coulometrically determined hydrogen concentration was performed to enable comparison with theoretical behaviour expected from Nernst equation. Obtained linear fits show similar slope but are generally higher than − 59 mV per decade. Moreover, linear fits from measurement series measured at lower levels of humidity show higher deviation from the expected − 59 mV per decade as those measured at higher levels of humidity. Differences for hydrogen-free and prior hydrogen-loaded and unloaded Pd were discussed with regard to Pd layer deposition methods to enable hydrogen detection in other metals. The adaption of the measurement and evaluation procedure to the Pd deposition route is of great importance. The present work can be used in the future as starting point for fully quantitative hydrogen detection with KP on Pd, which requires simulation of the dynamic hydrogen concentration in the Pd membrane during hydrogen loading and unloading pulses.
From variation of oxygen concentrations within the KP measurement atmosphere, it could be found that higher oxygen concentrations lead to an accelerated hydrogen removal from Pd. Kinetic investigations revealed an overlapping of hydrogen desorption and water formation, partially via ORR on the Pd surface, which is promoted at higher oxygen concentrations. 
